The velocity map ion imaging method is applied to the dissociative charge transfer reactions of N 2 + with CH 4 studied in crossed beams. The velocity space images are collected at four collision energies between 0.5 and 1.5 eV, providing both product kinetic energy and angular distributions for the reaction products CH 3 + and CH 2 + . The general shapes of the images are consistent with long range electron transfer from CH 4 to N 2 + preceding dissociation, and product kinetic energy distributions are consistent with energy resonance in the initial electron transfer step. The branching ratio for CH 3 + :CH 2 + is 85:15 over the full collision energy range, consistent with literature reports.
I. INTRODUCTION
The atmosphere of Saturn's largest moon, Titan, is well known to be comprised of nitrogen (∼96%) and methane (∼4%), with traces of larger hydrocarbons. 1 Because of the high solar flux incident on the outermost layer of Titan's atmosphere, ion-molecule reaction schemes initiated by the primary photoions N 2 + and N + in reactions with methane have been postulated to be critical in establishing equilibrium concentrations of many chemical species detected by the Cassini mission to Saturn. 2, 3 In a previous publication, 4 we reported on the dynamics of the reactions of N + with CH 4 , discussing the products of charge transfer and C-N bond formation to produce HCNH + . The relative values of the recombination energy of N + and the ionization potential of CH 4 make charge transfer to form CH 4 + exoergic, and approximately 75% of those products may dissociate to form CH 3 + . In contrast, the larger recombination energy of N 2 + compared to N + (15.58 vs. 12.61 eV) and the large N-N bond strength in N 2 + cause the reactions of the molecular ion to result exclusively in dissociative ionization of CH 4 , and prohibit exoergic C-N bond formation. The narrower range of products in the N 2 + reaction has important implications for the ion chemistry subsequent to the primary reactions.
The reactions of N 2 + and CH 4 have been the subject of several investigations, ranging from determination of reaction rates and product branching ratios to studies of energy disposal under single collision conditions. Thermal rate measurements have been carried out by several investigators in the specific context of exploring the ion chemistry of Titan both at room [5] [6] [7] and at very low temperatures, 8 and recently, Gichuhi and Suits 9 have employed rovibrationally state-selected N 2 + ions in conjunction with ion imaging methods to examine the branching ratio for the products of dissociative charge transfer. An early beam-collision cell study 10 reported differential cross sections for H-atom and D-atom transfer from CH 4 and CD 4 to N 2 + in the collision energy range from ∼9 to 45 eV, a) Author to whom correspondence should be addressed. Electronic mail: farrar@chem.rochester.edu but no information was provided on the charge transfer reactions. Guided ion beam studies by Nicolas, Torrents, and Gerlich 11 employing both CH 4 and CD 4 reactants have reported absolute cross sections for dissociative charge transfer and H(D)-atom transfer over the collision energy range from 0.1 to 3.5 eV. The guided beam method also reports the projections of the product flux velocity distributions along the ion beam direction, and therefore provides experimental insight into the dynamics of reactive collisions.
In this paper, we present an ion imaging study of the charge transfer reactions that occur in the N 2 + + CH 4 system
The hydrogen atom transfer channel forming N 2 H + , first studied by Gislason et al. 10 at collision energies above 9 eV, and more recently in the guided ion beam study 11 was impossible to study in the present report because of its small cross section and interference from the primary beam. Reaction exoergicities are taken from literature values for the enthalpies of formation of reactants and products.
12 By direct measurement of the product velocity map images for CH 3 + and CH 2 + formation, we are able to extract new information on the dynamics of the reactions, including a determination of energy and angular distributions for the products, and an assessment of the role of putative intermediates to product formation.
II. EXPERIMENTAL
As described in our previous paper, 13 the experiment is conducted with a crossed beam instrument equipped with a velocity map imaging (VMI) detector. 14 The imaging system measures all product velocities for a given mass in a single detection time interval, enhancing detection efficiency through the intrinsic multiplex advantage of the method. The experimental method is based upon important developments from other laboratories.
The primary ion beam is formed by impact of 90 eV electrons on a mixture of 10% N 2 in He. 21 The primary product of electron impact on this mixture is He + , which then undergoes charge transfer with N 2 to form both parent (N 2 + ) and fragment (N + ) ions. The N 2 + ions produced are primarily in the electronic 2 g ground state, and the small contributions from the electronically excited 2 u and 2 u states radiate to the ground state on a time scale of several ns. 22 The ground state vibrational distribution is expected to follow a FranckCondon progression, and the He I photoelectron spectrum of N 2 should provide a good representation of the vibrational state populations. 23 Those data indicate that more than 90% of ground electronic state N 2 + ions are in the ground vibrational state, with the first excited vibrational state populated to the extent of a few percent.
Following extraction, mass selection, and deceleration and focusing by a series of ion optics, the continuous beam of ions is delivered to the volume defined by the repeller and extraction electrodes of a velocity map imaging detector. The ion beam has a roughly triangular kinetic energy distribution with a FWHM of approximately 0.20 eV in the laboratory frame of reference. The neutral beam is produced by a pulsed solenoid valve located 10 mm upstream from a 1 mm skimmer. The stagnation pressure of the CH 4 gas behind the 0.1 mm diameter nozzle is 3 atm, and the pressure in the collision chamber is ∼1 × 10 −6 Torr with the beams running.
As described in a previous publication, 13 the kinematics of resonant charge transfer between an atomic beam of Ar + and a neutral beam of Ar produced by supersonic expansion are employed to establish a velocity marker at thermal velocity, or 5.54 × 10 2 m s −1 under our operating conditions, corresponding to a lab energy of 0.064 eV. Coupled with direct measurement of the ion beam energy distribution, these measurements result in a velocity scale that is accurate to ± 0.2 × 10 2 m s −1 . The finite thickness of the collision volume is the largest experimental contributor to velocity resolution, a factor significantly more important than beam velocity distributions or the finite width of the slicing pulse. Reaction products formed at various depths within the collision volume are accelerated to different extents and therefore do not satisfy a unique velocity-mapping condition.
III. RESULTS AND DISCUSSION
The experimental data are in the form of velocity space images that can be analyzed for product branching ratios or for energy and angular distributions of reaction products. Figure 1 shows velocity map images for CH 3 + and CH 2 + formation at four collision energies between 0.5 and 1.5 eV. By summation of total ion events with appropriate normalization, the product CH 3 + :CH 2 + branching ratio is determined to be 85:15 independent of collision energy. This value is in good agreement with the value of 83:17 reported by Gichuhi and Suits 9 at thermal energy as well as the 85:15 value of Nicolas et al. 11 The images are centered around the tip of the velocity vector of the neutral CH 4 reactant, in precisely the range of velocity space where nascent CH 4 + products would have the same velocity as the CH 4 precursor, that is, by resonant charge transfer. This observation provides strong evidence that the products of dissociative charge transfer originate from a CH 4 + precursor, and that dissociation occurs with very low recoil energy.
The fact that the images are strongly localized in velocity space near the direction of the neutral beam, with no evidence for product formation near the system centroid, argues against formation of products through the decay of a transient N 2
+ -CH 4 complex living a significant fraction of a rotational period. The images are consistent with a process in which electron transfer occurs at long range, resulting in minimal deflection of the products from the direction of the approaching reactants. Although there are a few examples of charge transfer in which a transient intermediate is implicated, 24 long range electron transfer with minimal product deflection appears to be the dominant motif for charge transfer. The present results contrast with the guided beam study reported by Nicolas et al., 11 in which products formed near the centroid appear to become increasingly important at low collision energies. In particular, the guided beam product flux distributions for the formation of CH 2 + and CH 3 + at collision energies from 0.49 eV up to 3.51 eV, overlapping with the collision energy range reported here, show both a direct component and a component that becomes increasingly symmetric about the system's centroid with decreasing collision energy. If such products were formed in the imaging experiment, the instrument is sufficiently sensitive to detect those products. We also considered calibration errors in the lab energy scale that would result in apparent collision energies much higher than reported. The consistency of beam energies measured with an energy analyzer and determined by imaging the ion beam directly validates the energy scale we report here. The origin of the discrepancy between the product flux distributions determined by projecting the flux onto the beam direction in the guided beam experiment and determined directly by imaging in the present report remains unresolved.
The experimental images encode doubly differential cross sections in product velocity and scattering angle as a function of laboratory Cartesian velocity coordinates 25, 26 (v x , v y ). A velocity shift from lab to center of mass coordinates, represented by the equation
with C representing the center of mass speed of the system, yields barycentric distributions in Cartesian coordinates, symbolized by P(u x , u y ). Barycentric recoil speed and scattering angle are given by the following expressions:
Because the ion and neutral beams have finite velocity widths, the transformation from laboratory to center of mass flux requires an accounting of the distribution in centroid positions (C x , C y ) that results from the beam widths. The experimental images shown in Figure 1 are in raw format, as they come from the VMI detector. The data analysis procedure deconvolutes the beam speed distributions via a numerical simulation on a grid of Newton kinematic diagrams, allowing product angular and kinetic energy distributions to be extracted from the distribution of u vectors encoded in the raw images via integrations of P(u x , u y ) over speed and angle, respectively. Relating the detected distribution of u vectors to a unique product relative translational energy is, in principle, kinematically indeterminate. The product relative translational energy of the three-body system is given as the relative translational energy between N 2 and the center of mass of the fragments arising from dissociation of CH 4 + , plus the relative translational energy of the separating fragments. Assuming that the latter term is small compared to the available product kinetic energy, and the mass of the detected ion is much larger than the mass of the fragment accompanying dissociation, the CH 3 + + H or CH 2 + + H 2 products follow the velocity vector of the precursor CH 4 + product. The sharpness of the product images confirms that the kinetic energy release in the dissociation is small. In this situation, the kinematic analysis developed for collision-activated dissociation of polyatomic ions [27] [28] [29] is directly applicable. By setting the center of mass velocity vector u for the detected product equal to the CH 4 + velocity determined by momentum matching to the accompanying N 2 product, i.e., |u| = u CH
, the final relative translational energy of the products is computed from the center of mass speed of the detected fragment through the relationship
where M is the total mass of the collision system and u is the center of mass speed of the detected fragment ion. With relationship (6), the observed Cartesian flux distributions for center of mass speed may be integrated appropriately to yield product energy and angular distributions. As we have described previously, 4 the beam speed distributions may be deconvoluted from the data with appropriate weighting of intensities on a grid of Newton diagrams. For a given Newton diagram with index k and weight w k , the center of mass angle and speed, θ k and u k , respectively, produce the appropriate lab coordinates (v x , v y ), from which the experimental intensity is registered. The speed averaged angular distributions are computed from Eq. (7) g
and the angle-averaged kinetic energy distributions are computed via Eq. (8) P
The product angular distributions extracted from the images are shown in Figure 2 , and show the expected sharp peaking at 180
• in the center of mass system. The distributions broaden slightly with decreasing collision energy. This broadening is consistent with the approximations of the kinematic analysis: at lower collision energies, the recoil energy in dissociation becomes a larger fraction of the available energy. Consequently, the products of dissociative charge transfer diverge from the momentum vector of the nascent CH 4 + precursor to a greater extent. The distributions show that the effect is small, although perceptible.
The product kinetic energy distributions extracted from the experimental data are shown in Figure 3 . At each collision energy, the distributions for CH 3 + and CH 2 + formation are essentially superimposable, and their near congruence at energy resonance validates the assumptions implicit in the kinematic analysis, namely, that the small recoil kinetic energies associated with dissociation form nascent (CH 3 + , H) and (CH 2 + , H 2 ) product pairs that move as an assembly with the velocity of the precursor CH 4 + product. The experimental data provide clear evidence that dissociative charge transfer to produce CH 3 + and CH 2 + is direct, occurring on a time scale much shorter than the lifetime of a putative intermediate N 2
+ -CH 4 complex that lives for a significant fraction of a rotational period. The data support the conclusion that the CH 3 + and CH 2 + products of dissociative charge transfer arise from the decay of the nascent CH 4 + species formed by resonant charge transfer followed by unimolecular decay. However, the absence of a detectable amount of CH 4 + requires that additional details of the dissociation process be determined indirectly. Both photon absorption and electron transfer are processes that are expected to take place on a time scale short compared with the vibrational motions of the molecular framework of the reactants. As Nicolas et al. 11 have recognized, this separation of time scales justifies a comparison of the formation of CH 4 + by charge transfer and photoionization. Stockbauer 30 has reported breakdown diagrams obtained by photoion-threshold photoelectron coincidence measurements for the formation of CH 3 + and CH 2 + as a function of photon energy by dissociative ionization of CH 4 . The experimental data show that in the photon energy range from the ionization energy of CH 4 (12.61 eV) up to 14.2 eV, only the parent ion is observed. The threshold for CH 3 + production occurs at 14.2 eV, and CH 2 + appears at 15.1 eV. No parent ion is detectable above ∼14.5 eV. The CH 3 + :CH 2 + branching ratio depends on the photon energy and therefore serves as a measure of the internal energy of the CH 4 + precursor. Assuming that the internal energies of CH 4 + produced by photoionization and charge transfer are identical, the observed CH 3 + :CH 2 + branching ratio indicates that the internal energy of CH 4 + is approximately 2.7-2.8 eV. Nicolas et al. 11 have suggested that the discrepancy between the internal energy estimate of the CH 4 + precursor deduced from the fragment branching ratio and the internal energy of 2.97 eV imposed by resonant charge transfer means that the initial electron transfer process is not resonant. However, the present experimental results, albeit based on fairly weak assumptions on the nature of the dissociation process, indicate that the process is, in fact, resonant. Although the removal of a t 2 electron from CH 4 in the ionization process produces a degenerate electronic 2 T 2 state that distorts according to the Jahn-Teller theorem, 31 the possible vibrational modes that lift the degeneracy 32 do not appreciably shift the adiabatic ionization threshold. 33 The small discrepancy between the internal energy distribution of precursor ions inferred from photoionization branching ratios and determined experimentally in this experiment is quite likely within experimental error.
IV. CONCLUSIONS
The paper presents a study of the dissociative charge transfer reactions of N 2 + with CH 4 over the collision energy range from 0.5 eV to 1.5 eV. The branching ratio for CH 3 + to CH 2 + products is 85:15 over the complete energy range, consistent with thermal rate measurements and ion beam studies.
The study adds to our knowledge of this system by demonstrating that charge transfer occurs by direct electron transfer at long range rather than through the agency of an intermediate N 2 + -CH 4 intermediate. At a given collision energy, the product kinetic energy distributions for both CH 3 + and CH 2 + are superimposable and exhibit a most probable kinetic energy equal to the relative translational energy of the approaching reactants, a signature of energy resonance. We hope that this study adds to the knowledge base of chemistry important in our understanding of planetary atmospheres, especially Titan, and stimulates new theoretical work on the nature of the charge transfer process.
